INTRODUCTION
The ability to damp vibration is required in many applications of truss structures. It is possible to reduce the nodal displacements of trusses by passive means, but this is achieved at the cost of increasing its mass. In some structures, for example in spacecraft structures, this is an important disadvantage. Hence the application of smart materials and a suitable control system is a promising direction of scientifi c research in this fi eld. Smart materials are materials the static and dynamic characteristics of which can be controlled. The trusses, in which such material is implemented, are called smart trusses.
Piezoelectric materials can be used in a vibration damping system. The conversion from electrical energy to mechanical energy (converse piezoelectric effect) is used to generate a force by actuators in the active system for the suppression of the truss vibration. Actuators are the main part of the truss active members, several structures of which are presented in the scientifi c papers (Anderson 1990 , Li 1998 , Zheng 2008 . The conversion from mechanical energy to electrical energy (the direct piezoelectric effect) is used in the measurement of the output values, for example the accelerations of the selected truss nodes (Song 2001) .
A spatial truss with active members is a MIMO control object. The control algorithms designed in the state space can be used for such objects. In the literature, several algorithms are presented in this fi eld: LQR (Bueno 2008) , LQG (Wagner 2005) , H 2 (Abreu 2010) , H ∞ (Carvalhal 2005) . One of the algorithms, most often used is the LQR. The mathematical model of the application of the LQR controller for 2D truss is presented in (Kwon 1997) . The results of the laboratory research of the LQR control system for a simple 3D truss is described in (Bueno 2008) . The maintenance of the initial positions of the nodes of the truss is the main task in control systems with the LQR algorithm presented in the literature. The initial positions of the nodes are the positions before the appearance of the external force effects e.g. displacements of The spacing of active members in a truss structure is a diffi cult issue. In the literature, several methods are presented: based on the distribution of the modal strain energy (Preumont 1992), the minimization of optimal index (Lu 1992) , Simulated Annealing (Yang 2005) and Genetic Algorithm (Degertekin 2007) .
In this paper, the spacing of active members is defi ned on the basis of the force distribution in passive members. The active members were introduced to the truss structure in place of the passive members in which the highest compressive forces appeared.
MATHEMATICAL MODEL OF THE TRUSS
The equation of motion of the truss has the following form (Lewandowski 2006) :
where: q is the vector of the truss nodal displacements, u is the vector of control signals, p -the vector of disturbances, M is the mass matrix, C d is the damping matrix, K s is the stiffness matrix, E is the matrix of control signal locations in the truss structure. Matrix C d was calculated from the dependence (Lewandowski, 2006) :
where: γ is the damping coeffi cient, ω is the natural frequency of the truss. The constant value of the damping coeffi cient was assumed in the calculation (γ = 0,01) and the fi rst natural frequency of the modelled truss was chosen (ω = 203.8 rad/s).
The state space model of the truss is given by:
where: x is the state vector, u is the control signal vector, p is the disturbance vector, y is the output vector, A is the state matrix, B is the control matrix, H is the disturbance matrix, C is the output matrix. Matrices A, B, H can be calculated using the following expressions:
MATHEMATICAL MODEL OF THE PIEZOELECTRIC ACTUATOR
For control purposes, some of the passive members in the truss were replaced by the active members made of piezoelectric material. The structure of an active member is presented in fi gure 1. The basic part of the active member consists of piezoelectric material, which generates a force on the principle of the inverse piezoelectric effect. A piezoelectric stack was assumed in the simulation research. The structure of a piezoelectric stack is shown in fi gure 2.
The basic equations describing electromechanical conversion in the piezoelectric material are given by (Nye 1957 , IEEE 1987 :
where: S is the strain tensor, T is the stress tensor, D i are the components of the electric induction vector, E k -the components of the electric fi eld intensity vector, s is the compliance tensor (m 2 N -1 ), d is the electromechanical coupling tensor (CN -1 ), ε is the permeability tensor (Fm -1 ). Equations (5) can be written using the matrix notation as follows:
The relationship between electrical and mechanical variables is given by the following formulas (Lefeuvre 2006 ): Assuming that the axes are denoted as shown in fi gure 3, the following equations are obtained from Eq. (6):
Introducing expressions (7) into the fi rst equation in (8) one obtains:
The supplied voltage V p is used for the generation of the force F p as well as elongation ΔL. If the piezoelectric plate cannot expand, all the supplied voltage is converted to the force. The force F p generated by the piezoelectric stack, assuming that ΔL=0, is given by:
where: n is the number of piezoelectric plates in the actuator, L a is the length of the piezoelectric stack, α is the proportionality coeffi cient (NV -1 ). On the basis of the material data from Morgan Technical Ceramics Company, the ratio of d 33 / s 33 (E) was calculated for several types of Lead Zirconate Titanate ceramics (PZT). Table 1 gives the values of this coeffi cient. PZT5K1 ceramic has been chosen for the simulation studies discussed below. The basic dimensions of the piezoelectric stack are as follows: L a = 0.1 m, A = 3.14·10 -4 m 2 , the number of the plates n = 10. For these data the proportionality coeffi cient α = 1.33 NV -1 .
LQR CONTROL ALGORITHM
Control signal u in the LQR control system can be expressed as follows (Ogata 2008) :
where P is a symmetrical semipositive-defi nite solution of the Riccati equation, K is a matrix of the gains in the controller feedback. K is calculated by the minimization criterion:
where Q is a positive defi nite or semidefi nite weighting matrix, R is a positive defi nite weighting matrix. The block diagram of LQR control is presented in fi gure 4. 
where: n pm is the number of the passive members, n n is the number of the nodes. For this truss, the dependence (1) contains 36 differential equations. Matrices M and K s were generated in the ANSYS program on the basis of the model of the truss shown in fi gure 7, for the values of truss parameters in table 2. In the simulation studies, the nodes were not modelled. 
The spacing of active members
In order to fi nd the spacing of the active members, the simulation studies have been conducted for the external disturbance P z (t), shown in fi gure 5. Four cases of the disturbance locations have been simulated: location no a: disturbance P z (t) affecting nodes no. 13 and 16 along the x axis (fi g. 6a), location no b: disturbance P z (t) affecting nodes no. 14 and 15 along the x axis (fi g. 6b), location no c: disturbance P z (t) affecting nodes no. 13 and 14 along the z axis (fi g. 6c), location no d: disturbance P z (t) affecting nodes no. 15 and 16 along the z axis (fi g. 6d).
The deformation of truss corresponding to the external disturbances of fi gure 6 are presented in fi gure 7. The values of the highest compressive stress for all the cases are presented in table 3.
Two passive members with the highest compressive stresses along the y axis were selected: no. 6, and 8, as well as two passive diagonal members: no. 30 and 32. These passive members were replaced by active members. The spacing of the active members in the truss structure is presented in fi gure 8.
The state-space model of the truss with the active members is given by:
where: matrix A a is the same as A on the basis of the assumption that the stiffness and the mass of an active member are the same as the stiffness and the mass of a passive member, matrix B a is calculated (equation 4) with the use of a new matrix E containing additional four columns corresponding to the four active members. 
D. G LQR CONTROL OF THE NODAL DISPLACEMENTS IN A SPATIAL TRUSS WITH ACTIVE PIEZOELECTRIC MEMBERS

LQR control system
The basic assumptions used are as follows:
a) The weighting matrix Q has been assumed in the following from (Lewandowski 2006) :
b) The weighting matrix R is given by (Brzózka 2004 
c) The output signal is the displacement of node no 16 along the x axis. d) The set value is equal to 0.
e) The disturbances are presented in fi gure 9:
-location no. 1: fi g. 9a, -location no. 2: fi g. 9b, -location no. 3: fi g. 9c.
Simulation results
The simulation studies have been conducted in the MATLAB/ Simulink program. The optimum gain matrix K was calculated using the lqr function from the MATLAB program. K is given by: 
The following exemplary values of the elements of the K have been obtained: k 11 = -3075700, k 12 = -6651000, k 13 = = -1536800, k 14 = 1590200.
The results of the application of the LQR control system with four active members generating an additional force having an effect on nodes no. 6, and no. 8 are presented in fi gure 10 and 11.
The displacements of node no. 16 are shown in fi gure 10. The control signals are presented in fi gure 11. 
CONCLUSIONS
On the basis of the simulation studies, the selected results of which were described in the previous chapter, the following conclusions can be established: a) For the assumed criterion of control quality, which was the smallest possible displacement of node no. 16 along the x axis, the best spacing of the active members was selected (fi g. 8). This spacing was chosen on the basis of the force distribution in the truss members. The passive members (no. 6 and no. 8), in which the highest compressing forces appeared along the y axis for the disturbances presented in fi gure 6, were replaced by active members containing a piezoelectric actuator. In the diagonal members, the highest compressive forces appeared in members no. 30, 31, 32, 33. On the basis of the simulation results, members no. 30 and 32 were selected and were replaced by active members. During simulations, some other spacing patterns were also verifi ed, but the simulated displacements of node no. 16 for them were higher than the simulated displacements for the spacing presented in figure 10. The general conclusion is that the replacement of the members with the highest compressive forces by active members enables effective control of a smart truss. b) The active members installed in the smart truss should be fi xed to the truss support, embedded in the ground or another structure. The best control results were obtained for such a spacing. The installation of one active member without the connection with the truss support causes the generation of two control signals of the same value and these signals affect two nodes, but the effect of this control is opposite. c) The weights in the matrixes Q and R are important factors infl uencing the control signals generated by the LQR controller. The designer of the control system should provide adequate Q and R matrices. In the simulations Q was a matrix containing matrices M and K s . R was a diagonal matrix with the weight of 1.11·10 -5 . These values allowed to reach high control effi ciency.
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